In this work, the ion-transfer voltammetric detection of the protonated β-blocker propranolol was explored at arrays of nanoscale interfaces between two immiscible electrolyte solutions (ITIES). Silicon nitride nanoporous membranes with 400 pores in a hexagonal arrangement, with either 50 or 17 nm radius pores, were used to form regular arrays of nanoITIES. It was found that the aqueous-to-organic ion-transfer current continuously increased steadily rather than reaching a limiting current plateau after the ion transfer wave; the slope of this limiting current region was concentration dependent and associated with the high ion flux at the nanointerfaces.
Introduction.
Drug detection is of great importance in detection and control of substance misuse, abuse or addiction, as well as monitoring clinical effects of chronic diseases.
1,2 (±)-Propranolol hydrochloride is a β-blocker drug which is widely used to treat various cardiovascular disorders, such as angina pectoris, myocardial infarction and hypertension cardiac arrhythmias. 3 The rising demands for propranolol detection have driven tremendous efforts in the development of sensitive methods for quantification of propranolol in pharmaceutical formulations. [4] [5] [6] [7] [8] Among various analytical methods such as chromatographic and spectrophotometric analysis, electrochemical techniques have attracted considerable interest due to the high efficiency and low cost. 9, 10 However, the direct oxidation of propranolol at conventional electrodes, including glassy carbon electrodes, requires high overpotentials. Therefore, many attempts have been made to modify electrodes with some catalytic materials such as carbon nanotubes 11 and copper-oxide nanoparticles 12 . Although lower overpotentials and higher sensitivity can be achieved, additional procedures to immobilize the catalytic materials on the electrodes are tedious but essential for the stability and reproducibility of the sensing platforms. 13 Electrochemistry at the interface between two immiscible electrolyte solutions (ITIES) provides an alternative platform for label-free sensing of various ion species, ranging from inorganic to organic substances. [14] [15] [16] During recent decades, great efforts have been made to develop microITIES, which exhibited superior electrochemical properties such as reduced ohmic drop and enhanced mass transport, for both mechanistic study of ion-transfer reactions and sensing applications for molecules of biological importance. [17] [18] [19] [20] [21] Regarding propranolol detection, Collins et al. investigated the serumprotein effect on the voltammetric response of propranolol in a physiological matrix using the arrays of microITIES formed by silicon microporous membranes. 22, 23 With the rapid development of nanotechnology, miniaturization of ITIES from microscale to nanoscale enables insights into behavior at liquid-liquid interfaces and opens up possibilities for improvement of sensitivity in electroanalytical applications. 24, 25 Although nanoITIES arrays formed by multiple nanopores in parallel allow amplification of the electroanalytical signal, their analytical application is still embryonic and only model analyte ion transfers have been investigated. [26] [27] [28] [29] In this work, the behaviour of a drug based on ion-transfer voltammetry at nanoITIES arrays formed by silicon nitride nanoporous membranes was explored. The electrochemical behaviour of protonated propranolol transfer across the arrays of nanointerfaces (formed from nanopores of 50 or 17 nm radii) was investigated. A comparison was made of the analytical performances at these two nanoITIES arrays and the effect of ion flux on the steady-state current, which is different from that observed at microITIES, was examined. The electrochemical data are assessed in terms of simple 3 diffusion models and supported by finite element simulation. In addition, the effect of scan rate on the charging and faradaic currents obtained at these two nanoITIES arrays, as well as their stability over time were investigated.
EXPERIMENTAL SECTION

Reagents and Materials
All reagents were purchased from Sigma-Aldrich Australia, and used without further purification, unless stated otherwise. All aqueous solutions were prepared in ultrapure water (resistivity: 18 M cm) obtained from a Milli-Q water purification system (Millipore Pty. Ltd., North Ryde, NSW, Australia and potassium tetrakis(4-chlorophenyl)borate (KTPBCl) according to the published procedure. 30 The organic reference solution was 10 mM LiCl aqueous solution containing 10 mM BTPPACl.
The silicon nitride nanoporous membranes with thickness of 100 nm, prepared by combinations of photo-and electron-beam lithography, etching and deposition, were used to form the arrays of nanoITIES as described previously. 26, 29 The arrays contain 400 pores (20 × 20) arranged in a hexagonal pattern. As illustrated in the SEM images ( Figure S1 ), two designs with pore radii of 50 and 17 nm were employed, and the pore-to-pore separation was 20 times the radius on each design.
Experimental Procedure
Electrochemical experiments at nanopore-supported liquid-liquid interface arrays were performed on an Autolab PGSTAT 302N (Metrohm, The Netherlands) with ECD module. A two-electrode system composed of Ag|AgCl electrodes serving as both reference and counter electrode in either phase was housed in a Faraday cage to minimize electrical disturbance. The silicon chips (5 mm × 5 mm)
containing the nanoporous arrays were affixed to a borosilicate glass tube holding approximately 100 µL organic phase, and then it was immersed in 6 mL of the aqueous phase solution contained in a 10 mL glass beaker. The electrochemical cell can be summarized as follows: 
Simulations
For the FEM simulations, the diffusion equation in two-dimensional cylindrical coordinates was numerically solved. 31, 32 The simulations were performed using the commercial finite element modelling program COMSOL Multiphysics®, v. 3.5. A problem adapted mesh was created using free mesh parameters, as described previously. 32 Only diffusion of the analyte in the aqueous phase towards the interface was examined, neglecting transport within pore and any wall effects.
RESULTS AND DISCUSSION
Voltammetric Behaviour of Propranolol
Since the pH of the aqueous phase, 10 mM LiCl (pH ~6), was below the pK a of propranolol (pK a =9.23), 23 the drug was protonated, which enabled it to transfer across and be detected at the nanoITIES. Figure 1A and 1B indicate the cyclic voltammetry (CV) of the electrolyte solutions in the absence and presence of propranolol (at concentrations of 20, 40, 60, 80 and 100 µM) obtained with the arrays of 50 and 17 nm radius nanoITIES, respectively. These CVs show that the protonated propranolol commenced transfer from the aqueous phase to the organic phase at 0.6 V. The current increased steadily with applied potential up to the switching potential, but no true steady-state current plateau was reached in the diffusion-limited region, which is in agreement with previous reports on transfer of tetraethylammonium (TEA + ) and tetrapropylammonium (TPrA + ) cations across the water-DCH interface. 27, 29 Furthermore, there was no reverse peak associated with the ions transferring back from the organic phase; this may be attributed to the complex behaviour resulting from multiple forces inside the nanopores, such as electrostatic, van der Waals or hydrophobic forces [33] [34] [35] or from mass transport effects. 36 This observation means that the stripping voltammetric technique, which was previously used to decrease the detection limit of propranolol at microITIES arrays, is not applicable to these arrays of nanoITIES. In addition, at the array of 17 nm radius nanoITIES, a current cross-over occurred when the concentration of propranolol increased to 60 µM, which may be attributed to new phase formation, e.g. of an ion-pair precipitate.
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The background-subtracted voltammograms (forward scan only) of protonated propranolol transfer across arrays of 50 and 17 nm radius nanoITIES are shown in the insets of Figure 1A and 1B,
respectively. In order to compare the response of these two nanoITIES arrays towards protonated propranolol transfer, the current recorded at the potential ca. 200 mV positive of the foot of the ion transfer wave was determined as the experimental faradaic current, and the current density (J) was calculated based on the geometric area of the nanopores. The resultant calibration plots of the current density at the arrays of 50 (circles) and 17 nm (squares) radius nanointerfaces versus propranolol concentration are shown in Figure 1C . It can be observed that the slopes of these calibration plots, which indicate the analytical sensitivity of the nanoITIES, increased from 0.04 to 0.26 mA µM -1 cm -2 with the decrease of the nanointerface radius from 50 to 17 nm. This higher sensitivity towards protonated propranolol detection at smaller nanoITIES is attributed to the enhanced flux arising from convergent diffusion to smaller electrochemical interfaces.
Another interesting feature of the electrochemical behaviour of protonated propranolol transfer at the arrays of nanoITIES was that the current in the mass transport-limited region (above 0.8 V, Figure   1A and 1B) continued to increase with applied potential when the concentration of propranolol in the aqueous phase was greater than 20 µM. Such behaviour has been observed before at nanoITIES but this behaviour is different from that observed at microITIES arrays, where a clear steady-state current was reached. 22 Here, the slope of the current density rise between 0.8 and 0.85 V was examined as a function of the propranolol concentration in order to investigate the effect of the flux density on the voltammetric response at the nanoITIES arrays ( Figure 1D ). The results show that this slope was linearly dependent on the concentration of the transferring ion at these two nanoITIES arrays, and that the smaller nanointerfaces exhibited a more pronounced increase than the larger one.
This suggested that the mass transport-controlled flux of protonated propranolol across the nanointerfaces has a significant effect on the limiting current obtained at the arrays of nanoITIES. To further explore the relationship between the ion transfer flux and limiting current at the arrays of small nanointerfaces, the background-subtracted voltammograms (forward scan only) of TPrA + transfer were also examined ( Figure S2 ). As indicated, the slope of the current density rise in the range of 0.63-0.68 V increased linearly with the concentration in the range 20-100 µM, in agreement with the observation for protonated propranolol transfer. Therefore, the sloped nature of the current in the limiting current region at nanoITIES arrays is highly dependent on the ion flux across the nanointerfaces, which is associated with the concentration of the transferring analyte ions. It must also be pointed out that at lower concentrations, 20 µM in this case, the diffusion-limited current is a steady-state current, giving the expected sigmoidal voltammogram for radial diffusion control. At low flux (low concentrations of transferring species), the voltammogram is undisturbed and in agreement with the microITIES voltammogram shapes (radial diffusion). Hence, it appears that the ion flux leads to the sloping limiting current region.
Detection Limit of Propranolol
To investigate the electrochemical performance of the nanointerface arrays for the detection of propranolol at low concentrations, the CVs of increasing propranolol concentration in the range 2-10 µM, in steps of 2 µM, were examined. Figure 2 shows the CVs and the insets show the corresponding background-subtracted voltammograms. It can be observed that the steady-state current can be achieved at both 50 and 17 nm nanointerfaces at these low concentrations, which further confirmed that a low ion flux provided stable limiting current at the nanoITIES arrays.
The detection limit, an important parameter to evaluate the performance capability of an electrochemical detection method, can be described as the analyte concentration which gives a faradaic signal significantly different from the background current. 37 Since the current reached a plateau at 0.8 V and the background noise was comparable to the faradaic signal for ion transfer at 
Theoretical Analysis of the Limiting Currents
The ion-transfer current at the nanoITIES arrays can be examined by treating them as either an array of independent nanointerfaces or as a single microdisc interface of equivalent area. These approaches are called here the independent nanointerfaces approach and the equivalent microdisc approach, respectively. . 22 This approach is valid if all 400 nanointerfaces behave independently, i.e. the diffusion field to each interface is not influenced by the diffusion field of the neighbouring interfaces. Therefore this is termed the independent nanointerfaces approach.
Using Equation (1), the theoretical values of the slopes of the current versus concentration plots at the arrays of 50 and 17 nm radius interfaces were 3.6 and 1.3 pA µM -1 , respectively. In comparison, the experimental slopes at 50 and 17 nm radius nanointerface arrays (see Figure 2C ) were 1.8 and 1.1 pA µM -1 , which are ca. 50% and 85% of the theoretical values, respectively. The lower values of the experimental slopes (and hence the current) are due to the interactions of the diffusion zones formed at the nanointerfaces. If isolated, independent nanointerfaces were present, so that the diffusion zones around the individual interfaces do not interact, then larger currents in agreement with the prediction of Equation (1) would be obtained. However, with between-interface halfdistances of 0.5 µm and 0.17 µm for the 50 nm and 17 nm radius nanointerface arrays, respectively, and the time scale of the experiments set by a relatively slow scan rate, the view of isolated pores is not valid. The local flux at a microdisc electrode is not uniform: it is highest at the electrode edge. 40 Analogously, the flux to each nanointerface depends on its position within the array, so that the interfaces are not equivalent. Therefore numerical simulations based on a diffusion zone approach to quantitatively describe the array behaviour, as applied successfully to larger arrays of microinterfaces, 32 are not possible, because the diffusion zone approach requires equivalence of the interfaces within an array. 32, [41] [42] [43] The numerical simulation of a microarray of electrodes or interfaces with interacting diffusion zones requires that the 3-dimensional nature of the array is taken into account (i.e. including the diffusional space). This is computationally expensive and only a few attempts have been made for arrays with much smaller numbers of electrodes [44] [45] [46] [47] than used in the study presented here. A full 3-dimensional simulation for the 400 interfaces is not feasible. Although the diffusion zone domain approach is not applicable for the whole array, it might be useful to provide insight into the flux conditions for interfaces in the midst of the 400-interface array.
Therefore FEM simulations for the 50 nm array (interface separation 1 µm, hexagonal pattern) using the diffusion zone approach were performed. where now r d is the radius of the disk with an area equivalent to the area covered by the nanointerface array.
We refer to this as the equivalent disk approach. In the present case, r d is 10 and 3 µm for the arrays with 50 and 17 nm radius nanointerfaces, respectively. It should be kept in mind that the major part of the area of radius r d is electrochemically inactive and the current flows only at the nanointerfaces (see streamlines in Figure 3A ). For a hexagonal array where the center-to-center distance is 20 times the radius of the interfaces, the ratio of electroactive (conducting) to non-electroactive (insulating) areas is ca. 0.01. That is, the current density at the nanointerface array will be ca. 100-times higher than at a microdisc interface of equivalent size. The theoretical slope (Equation (2)) for the plot of limiting current versus the concentration using the equivalent disk approach is 1.9 pA µM -1 for the 50 nm interface array and 0.6 pA µM -1 for the 17 nm interface array. Table 1 lists the theoretical slopes for these plots calculated from Equation (1) (independent nanointerface approach) and Equation (2) (equivalent disc approach). Because of the assumed undisturbed diffusion to each nanointerface, the independent nanointerface approach gives an upper limit for the expected currents or slopes, while the equivalent disk approach gives a lower limit, caused by the total overlap of diffusion zones. The slopes calculated from the independent nanopore approach are ca.
double those of the equivalent disk approach. Table 1 also presents the experimental values, which were based on measurements at lower concentrations of protonated propranolol (2 to 10 µM) because they show a clear limiting current behaviour (Figure 2) . The independent nanointerface approach clearly overestimates the slopes for the 50 nm array, while the equivalent disk approach shows satisfactory agreement for this array. In contrast, the experimental slope for the 17 nm array is close to that estimated by the independent nanointerface approach, while the equivalent disc approach underestimates it. 
Scan Rate Studies
Besides the analytical performances of the arrays of 50 and 17 radius nanointerfaces towards propranolol detection, the effect of scan rate on both charging and faradaic current was investigated to understand the electrochemical properties of these nanoITIES arrays. Figure 4A and 4B indicate the effect of scan rate on the current response of 50 and 17 nm radius nanointerface arrays, respectively. The charging current was estimated from half of the difference between forward and reverse currents at the potential of 0.5 V, where no ion transfer occurred. It can be observed that the charging current (I c ) increased linearly with the scan rate (ν) ranging from 3 to 30 mV/s (left hand side axis, circles) on both nanoITIES arrays.
As reported, the experimental capacitance (C expt ), attributed to several capacitors present in the nanoITIES system such as electrical double layers formed at liquid-liquid and solid-liquid interfaces and silicon nitride membrane sandwiched between two electrolyte solutions, can be described as follows: 29, 48 v I = C c expt (3) Therefore, the C expt of the nanoITIES array systems with 50 and 17 nm radius nanointerfaces was calculated to be 3.3 ± 1.5 and 1.7 ± 0.8 nF, respectively, based on the slopes of the linear plots. These values were in agreement with the previous data of 4.44 and 1.57 nF obtained at the arrays of 50 and 17 nm radius nanoITIES, respectively. 29 In order to study the effect of scan rate on the faradaic current for protonated propranolol transfer across the arrays of nanoITIES, the concentration of 20 µM was applied, since the faradaic current for ion transfer at lower concentrations may be obscured by the charging current at higher scan rates, and higher concentrations of transferring ion will lead to the sloping current rise instead of a steady-state current, as described above and in Figure 1A and 1B. The insets of Figure 4 
Stability Studies
The stability of the nanoITIES arrays, which is an important parameter for applicability to electrochemical sensors, was investigated by monitoring both charging and faradaic currents for protonated propranolol transfer at the arrays of 50 and 17 nm radius nanointerfaces during one month period. Figure 5A indicates the change of charging current of these nanoITIES arrays over time. Again, the charging current was estimated from half of the difference between forward and backward currents in CVs recorded in blank electrolyte solutions at a potential of 0.5 V, where no ion transfer occurred. The relative standard deviation (RSD) was 12% and 15% for the 50 nm (circles) and 17 nm (squares) radius nanointerface arrays, respectively, based on 15 measurements in one month.
Regarding the stability of the faradaic current, five measurements of 100 µM propranolol transfer across the nanoITIES arrays were carried out ( Figure 5B ). The arrays of 50 and 17 nm radius nanoITIES exhibited the RSDs of 2% and 7%, respectively, which are acceptable for practical sensing applications. In addition, the nanoITIES arrays formed by smaller pores showed greater relative variation than that of the larger pores. 
CONCLUSION
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The voltammetric behavior of propranolol has been undertaken at water-1,6-dichlorohexane nanointerface arrays formed by silicon nitride membranes with two different nanopore designs (nanopore radii of 50 and 17 nm). By comparison, the smaller nanoITIES with radius of 17 nm exhibited higher sensitivity towards protonated propranolol transfer than the larger one with radius of 50 nm, which can be attributed to the enhanced ion flux resulting from the convergent diffusion at smaller electrochemical interfaces. Both nanoITIES arrays achieved the same limit of detection for propranolol detection, which makes the smaller nanoITIES a promising candidate for miniaturized sensing platforms with high efficiency and low cost. In addition, it was found that the electrochemical behaviour of protonated propranolol transfer across the arrays of nanoITIES was different from that of microITIES, as the diffusion current continuously increased instead of reaching a steady state plateau when high ionic flux was applied. However, at low concentrations of protonated propranolol the voltammograms exhibit a well defined steady-state limiting current. For a separation between interfaces of 20-times the interface radius, strong diffusion zone overlap occurs, leading to depletion zones between neighbouring nanointerfaces. This behaviour is illustrated by FEM simulation of an interface in the midst of the array. The limiting current of the array is therefore better described by an equivalent disk approach than by an independent nanointerfaces approach, as a comparison between experimental and calculated sensitivities show.
The reasons for the current increase associated with the ion transfer across nanoITIES arrays, shown here to be flux-dependent, remain the subject of investigations, as do improvements in the detection sensitivity of the nanoITIES systems for drug analysis.
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